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Introduction
Carbon ions, C + , appear in wide-ranging situations. They are thought to play a key role in the chemistry of the interstellar medium [1, 2] , and indeed the C + -He complex has been proposed as being involved in a cooling mechanism for C + ions [3] . C + ions are present in the ionosphere of the Earth [4] and in the ionospheric regions of other planets [5] ; they are also present in flames and plasmas [6] , including in chemical vapour deposition [7] , and even have a use in radiotherapy [8] .
In order for chemistry to be initiated, the reacting species must come together; hence, 'prereactive' atomic or molecular complexes are often discussed as ways of interrogating these nascent interactions that occur prior to full chemical reaction. Although rather esoteric, the interactions of atomic cations with rare gas atoms are of interest as they are generally agreed to be among the simplest interactions that can be investigated, evolving from expected physical interactions when the rare gas is the very non-polarizable helium atom to the possibility of chemical interactions for the more-polarizable Xe atom.
The first stage in investigating C + -rare gas atom (RG) interactions is via the determination of the interatomic potentials. Once obtained, these can be used to determine various spectroscopic parameters, and values of these and their trends can be used to make conclusions regarding the changing nature of the interaction, for example as the atomic number of the RG atom increases. Additionally, the electronic wavefunctions can be analysed to obtain populations and contours of electron density, which indicate whether electrons remain localized or are shared between the interacting species; such delocalization of electron density from one nuclear centre to another can be taken as indicating chemical interaction-although other significant, but more localized, changes, such as hybridization, can also be considered as chemical effects. Interaction potentials are also important in the calculation of a range of quantities including collision cross-sectionsimportant in the calculation of ion transport data and atomic collisional energy transfer. In turn, these underpin loss mechanisms to walls in flow-tube experiments, transport of ions in plasmas and cooling of interstellar clouds.
In this paper, we extend our earlier work on the C + -He complex [9] to the corresponding complexes with the heavier RG atoms, RG = Ne-Xe. In each case, we shall investigate the interatomic potentials that arise from the lowest atomic asymptotes of the open-shell C + -RG complex, C + ( 2 P J ) + RG( 1 S 0 ). These arise from the closed-shell ground state configuration of the RG atom, and the lowest energy electronic configuration for the carbon cation: 1s 2 2s 2 2p 1 , when the spin-orbit (SO) interaction is included. From these interatomic potentials, we shall obtain accurate spectroscopic constants and transport coefficients, and investigate whether the SO interaction affects these significantly.
When a closed-shell RG atom interacts with C + , degenerate atomic states may become split. In the present case, and initially in the absence of the SO interaction, the 2 P ground electronic term of C + gives rise to a lower 2 Π and a higher 2 Σ + diatomic term. In the limited previous theoretical work, these are the terms that have been investigated, but it is the SO levels that are present experimentally. Upon the inclusion of the SO interaction, the C + ( 2 P) term splits into a lower 2 P 1/2 and a higher 2 P 3/2 level, with a separation of 63.42 cm −1 [10] . The SO interaction causes the 2 Π diatomic term to split into 2 Π 1/2 and 2 Π 3/2 levels, and the 2 Σ + term becomes 2 Σ 1/2 + ; the lowest 2 Π 1/2 level correlates to the C + ( 2 P 1/2 ) + RG( 1 S 0 ) asymptote, while the 2 Π 3/2 and 2 Σ 1/2 + levels both correlate to C + ( 2 P 3/2 ) + RG( 1 S 0 ).
C + -He: all electrons correlated, with an active space consisting of orbitals arising from the He 1s and C 1s2s2p atomic orbitals. Two 2 Π and one 2 Σ + state were included in the state-averaged CASSCF calculation. C + -Ne: orbitals arising from C 1s and Ne 1s were frozen, while the remaining electrons were correlated in the orbitals arising from the Ne 2s2p and C 2s2p atomic orbitals. Two 2 Π and one 2 Σ + state were included in the state-averaged CASSCF calculation.
C + -Ar: orbitals arising from C 1s and Ar 1s2s2p were frozen, while the remaining electrons were correlated in the orbitals arising from the C 2s2p and Ar 3s3p atomic orbitals. Two 2 Π and three 2 Σ + states were included in the state-averaged CASSCF calculation. C + -Kr: orbitals arising from C 1s and Kr 3s3p3d were frozen (noting the use of an ECP), while the remaining electrons were correlated in the orbitals arising from the C 2s2p and Kr 4s4p atomic orbitals. Two 2 Π and three 2 Σ + states were included in the state-averaged CASSCF calculation. C + -Xe: orbitals arising from C 1s and Xe 4s4p4d were frozen (noting the use of an ECP), while the remaining electrons were correlated in the orbitals arising from the C 2s2p and Xe 5s5p atomic orbitals. Two 2 Π and three 2 Σ + states were included in the state-averaged CASSCF calculation.
Population analyses were carried out for the X 2 Π state at the RCCSD(T)/aV∞Z R e value using the standard Mulliken population analysis; in addition, we used the NBO program embedded in Gaussian 09 [26] to undertake a natural population analysis (NPA) for each of the complexes. Charge analyses were also undertaken with Bader's atoms-in-molecules (AIM) method, with the latter being performed with AIMAll [27] . In all cases, triple-ζ quality versions of the basis sets employed for the potential energy curves above were used, and the QCISD density (from Gaussian) was employed.
We also produced contour plots for the 2 Π state using the Hartree-Fock densities, calculated at the RCCSD(T)/aV∞Z R e value, again using triple-ζ versions of the above basis sets. Rovibrational energy levels were obtained from the calculated interaction potentials using the LEVEL program [28] . The lowest two relevant levels were used in each case to obtain the spectroscopic constants from standard formulae. We calculated these for 12 C + with the most abundant naturally occurring RG isotope in each case.
(b) Transport coefficients
We calculated the transport cross-sections for C + in RG from RCCSD(T) ab initio interaction potential energy curves as functions of the ion-neutral collision energy using the classicalmechanical program PC [29] that is an improved version of the earlier program QVALUES [30, 31] . The cross-sections converged within 0.05% in all cases. The range of collision energies covered was from 1 × 10 −9 E h to the energy calculated at the smallest internuclear separation: between 1.00 and 3.42 E h , depending upon the system.
The cross-sections as a function of collision energy were used in the program GC [30, 32, 33 ] to determine the reduced mobility, K 0 , and the other gaseous ion transport coefficients as functions of E/n 0 (the ratio of the electric field to the gas number density) at gas temperatures, T, of 100, 200, 300, 400 and 500 K for all species, and additionally at 293 K and 310 K for C + in Ar. The range of E/n 0 covered was 0.01-1000 Td (1 Td = 10 −21 V m 2 ). We also used program VARY [34] to determine the zero-field values of the mobility and the ion diffusion coefficient as a function of T from 0.001 to 10 000 K. Calculations were performed for both 12 C + and 13 C + , while each RG was assumed to be composed of the naturally occurring mixture of isotopes. The calculated mobilities are generally precise to within the precision of the cross-sections at E/n 0 values below 20 Td. The results are progressively less precise as E/n 0 increases to 1000 Td. These details, as well as the mobilities and other transport properties, can be obtained from the LXCat database (https://fr. lxcat.net/home/). Various weightings of the cross-sections were employed for each system, and these will be stated at the appropriate points below.
Additionally, it should be noted that each SO interaction potential was shifted uniformly such that the interaction energies computed at 50 Å were equal to the appropriate 1/R 4 ioninduced dipole interaction energy at this separation, and then the latter potential used for all longer R values. This was done so that the transport cross-sections smoothly approached the ioninduced dipole values that are correct at zero energy for the transport calculations; this shift has a negligible effect on the spectroscopic constants obtained from these potentials, but was essential for correctly calculating the zero-field mobility, especially at low T.
We ran into problems converging the transport properties for the 2 P 1/2 states of C + -RG for RG = Ar-Xe, in the region of E/n 0 between their mobility minima and maxima. We obtained estimates of the mobilities in these regions by not considering the convergence of the other transport properties and by forcing the GC program to continue until a kinetic theory approximation of at least a preselected order N. Using N values from 5 to 8 gave sets of mobilities from which we omitted occasional ones that were inconsistent with the others. For a particular RG, a polynomial curve was fitted to the remaining values from this process together with a short region of the converged values obtained by using GC in the usual manner, and this is shown as a dotted line in each of the plots discussed below for RG = Ar, Kr and Xe. We expect these curves to be reliable to 5%.
Results and discussion (a) Spectroscopic constants
Portions of the non-SO RCCSD(T)/aV∞Z potentials for the X 2 Π and A 2 Σ + states, showing the potential energy minima, are shown in figure 1 for C + ( 2 P)-RG (RG = Ne-Xe). For each of the C + -RG curves, the full range of values calculated are included as the electronic supplementary material for RG = Ne-Xe. The corresponding potential for C + -He is available in [9] . From 
internuclear separation (Å) these plots, it can be seen that the X 2 Π states are always much more strongly bound than are the A 2 Σ + ones. This is in line with the fact that the latter have the unpaired carbon 2p electron positioned along the internuclear axis, where there will be higher electron repulsion with electrons from the RG atom. For the 2 Π state, the unpaired electron is positioned perpendicular to the internuclear axis, reducing electron repulsion, and so allowing the RG atom to interact more effectively with the positive charge on the carbon nucleus. The spectroscopic constants obtained from the non-SO interaction potentials are presented in table 1, and these are commented on below. Additionally, we provide the calculated vibrational energy levels as electronic supplementary material.
To check whether multi-reference character may be affecting the spectroscopic parameters, we also calculated MRCI curves (although not over such a wide range as the RCCSD(T) ones) and from these derived the spectroscopic parameters. We then compared these with the non-SO non-CP-corrected RCCSD(T)/QZ results, with the sets of data presented together in table 2 for easy comparison. As may be seen, there are small differences between the two sets of results, with the potential curves from the MRCI calculations generally tending to be very slightly deeper, except for RG = Ne, with consistent changes to the other spectroscopic parameters. Although these differences should be borne in mind, in percentage terms they are relatively small. In addition, by using the RCCSD(T) method, we can use larger basis sets than for CASSCF+MRCI, there is less worry about the size of the active space, and it is more practicable to include the counterpoise correction to correct for basis set superposition error. Furthermore, we note the very good agreement of the present RCCSD(T)/aV∞Z values with the only spectroscopic parameters that have been determined experimentally, from the scattering experiments in [14] for C + -Ar (see below). [9] . c CASSCF calculations with a triple-ζ basis set [12] . d MP2/6-31G** calculations, with single-point MP4(SDTQ)/6-311G(2df,2pd) calculations for dissociation energies [11] . e Results from a potential obtained by inverting scattering data [14] -see text.
f CI results using [7s5p1d/5s3p1d] basis sets for Ar/C + [14] . g CASSCF/6-311G(MC)* calculations [15] . h MP3/6-311G(MC)* calculations [15] . i MP4/6-311+G(MC)(2df)//MP3/6-311G(MC)* calculations [15] . j MP2/6-311G* calculations, with diffuse functions on Ar [17] . k CCSD(T)/6-311G* calculations, with diffuse functions on Ar [17] . l MP2/aug-cc-pVDZ calculations, with diffuse functions on Ar [17] . m CCSD(T)/aug-cc-pVDZ calculations, with diffuse functions on Ar [17] . n Estimated from tabulated potential energy values given in [14] .
(b) Comparison with previous results
Here, we shall compare our non-SO RCCSD(T) results with previous theoretical results, as the present study is the first to include SO effects. All of the present and previous results have been summarized in table 1.
With regard to C + -Ne, it is clear that the earlier CASSCF results from Koch & Frenking [12] , which concluded that the species was unbound, are not in line with later results from the same group [11] , nor with those here. Taken together, these results suggest that dynamic electron correlation is an important consideration in these species. The agreement between the MP2/6-31G** results of [11] and those here is reasonably good, although the harmonic vibrational frequency and R e values from that work suggest a more strongly bound species, while the MP4 D e value suggests that it is slightly weaker. Overall, the present results are more consistent and expected to be the more reliable. Unfortunately, there are no experimental values with which to compare.
For C + -Ar, scattering experiments [14] have led to various spectroscopic values being derived from a potential obtained from inverting the scattering data; the agreement between those values and ours is very good overall. (We note in passing that the B e values reported in that work are not consistent with the R e values they report: we have put corrected values in table 1.) In [14] , the C + ions were produced either by a plasma ion source or by electron bombardment and so it is not completely clear whether the 2 P ions are in the 2 P 1/2 ground level, a statistical mix of the two SO levels, or something in between. In any case, only a single potential energy curve was reported following inversion of the scattering data, and was simply referred to as a 2 Π state in that work. Given the similarity of the spectroscopic parameters for the 2 Π term and the two 2 Π Ω levels, we would expect similar results from inverting either of these experimental populations.
The CI potential generated in [14] for the 2 Π state of C + -Ar appears to be too deep, and, although the R e value is similar to that calculated here, the ω e value is significantly higher. Detailed spectroscopic results were not reported for the 2 a Where QZ indicates the use of aug-cc-pwCVQZ(-PP) basis sets for C and Ne through Xe, with ECP10MDF for Kr and ECP28MDF for Xe. For He, the aug-cc-pVQZ basis set was used.
approximately 3.0 Å can be deduced from the tabulated potential energy data; this value is in good agreement with the present value. The C + -Ar parameters from Frenking et al. [11] suggest that their MP2/6-31G** calculations are underestimating the interaction strength overall for the 2 Π state; no results for the 2 Σ + state were reported. Wong & Radom [15] reported CASSCF calculations that suggest a dramatic underestimation of the well depth (consistent with the results from [12] on C + -Ne commented on above), while the MP3 results are in better agreement with the D e value, and the MP4 values even more so; even the latter are somewhat below the present RCCSD(T) results. Again, these observations are consistent with dynamic electron correlation being of great importance in describing the interactions in these species reliably. Thus, the present results are expected to be the most reliable.
Finally, we comment on the C + -Ar results from Froudakis et al. [17] , who used the MP2 and CCSD(T) approaches. They used 6-311G* basis sets, augmented with diffuse functions in the case of Ar, as well as aug-cc-pVDZ basis sets, again augmented with diffuse functions in the case of Ar. (Although not explicitly stated, we assume unrestricted calculations were undertaken.) It may be seen that the MP2 results are in good agreement with respect to the R e value, but the interaction energy is significantly lower. The results at the CCSD(T) level, however, including ω e , are in much better agreement-again confirming the importance of dynamic correlation energy.
We note that the present values for C + -Kr and C + -Xe appear to be the only ones available either experimentally or theoretically.
(c) Effect of spin-orbit coupling
We now turn to examining the effect of inclusion of the SO interaction. First, referring to figure 1, we note that, with no SO coupling, the 2 Π and 2 Σ + states that arise from the 1s 2 2s 2 2p 1 electronic configuration of C + after interaction with RG occurs converge to the same asymptote. After SO coupling is turned on, then in terms of the atomic SO coupling constant, ζ, there are two atomic asymptotes: C + ( 2 P 3/2 ) + RG( 1 S 0 ) at +ζ/2 and C + ( 2 P 1/2 ) + RG( 1 S 0 ) at −ζ, where ζ is the SO coupling constant for C + .
In figure 1 , we also show the result of SO coupling on the diatomic curves. As indicated above, there are two main effects of SO coupling, which happen simultaneously. First, the 2 Π state splits into 2 Π 1/2 and 2 Π 3/2 states, with the former state being the lower by Hund's rules. Second, the 2 Π 1/2 and 2 Σ 1/2 + states interact, with this interaction dependent upon the energetic separation of the two states [35] . Furthermore, both the 2 Π 3/2 and 2 Σ 1/2 + states converge to the upper asymptote, with the 2 Π 1/2 one converging to the lower one. (The requirement for the curves to converge to a particular SO asymptote is also manifested in this mixing of the 2 Π 1/2 and 2 Σ 1/2 + states.) In the absence of any other effects, we expect Hund's case (a) coupling to apply, and so the 2 Π 1/2 -2 Π 3/2 spacing to be ζ, where 3 / 2 ζ is the asymptotic 2 P 1/2 -2 P 3/2 splitting of C + ; furthermore, because we expect the SO interaction in this diatomic system to be small, it is acceptable to maintain the unmixed Hund's case (a) labels for each state. (We have discussed the evolution from Hund's case (a) to Hund's case (c) in [35] in the case where the interactions are localized to a . . . p 1 configuration.) In table 3, we report the SO splittings calculated at the R e values of the respective species and compare these with the calculated splitting at the asymptote. First, we note that the asymptotic splittings are all the same, as expected, because these will be solely that for the isolated C + cation. The experimental asymptotic splitting is 3 / 2 ζ = 63.42 cm −1 [36] and this can be very favourably compared with the present calculated value of 61.2 cm −1 . What is very interesting is the variation in the 2 Π 1/2 -2 Π 3/2 splitting. For RG = He and Ne, this has a value of ζ, within experimental error, implying that Hund's case (a) coupling applies, as expected for a light atom such as carbon. However, there is a rapid rise in the 2 Π 1/2 -2 Π 3/2 splittings as we move through the other C + -RG species, far in excess of any reasonable deviation from Hund's case (a) coupling, and indeed the values are greater than the atomic splittings; thus, we sought another explanation for this. One such explanation would be small amounts of charge transfer because the ionization energy of the RG atom is decreasing with increasing atomic number. We note that for Xe the ionization energy (12.13 eV [36] ) is very close to that of C (11.260 eV [36] ). This charge transfer may be viewed as mixing in small amounts of C-RG + character into the C + -RG wavefunctions; note that only small amounts of mixing would be required to explain the results, because the SO splitting rises approximately as the fourth power of the atomic number (table 3) . We investigated this hypothesis using our MRCI calculations, reported above, with the coefficients being presented in table 4 . These indicate that there is a small increase in the amount of C-RG + character with a concomitant drop off in the C + -RG character as the atomic number of RG increases. Thus, the charge-transfer hypothesis appears to be sound and explains the observed results. There are a few points to note, however. First, there was a very small amount of mixing of other states in the MRCI wavefunction, but this does not change the overall conclusion regarding charge transfer. Second, it might be questioned as to how the charge transfer was present in the RCCSD(T) wavefunction, which is ostensibly a single-reference method. Regarding the latter, the ability of the CCSD(T) approach to c This is the ratio of the actual calculated 2 Π 1/2 -2 Π 3/2 splitting to the predicted Hund's case (a) splitting. d From [36] : these are the first ionization energies of RG, and the SO splitting for the lowest 2 P term; there is no such term from the ground-state configuration of He. a Single-point CASSCF+MRCI/aVQZ calculations carried out at the R value corresponding to the lowest calculated energy-see text for further details. Only the three main contributions are shown, other small contributions were present for each species; n.a. indicates that the excitation does not exist.
Table 4. MRCI coefficients (C
perform well even when there are small amounts of multi-reference character have been discussed a number of times (e.g. [37] ). The change in shapes of the curves is evident in figure 1 , and it is also instructive to look at the difference between the spectroscopic constants recorded with and without the SO interaction (table 1) . First, for C + -He and C + -Ne, we note that the values for the 2 Π terms and the 2 Π 3/2 level are all extremely similar, as expected, because there are no other Ω = 3/2 states with which to interact. By contrast, differences are expected in the 2 Σ 1/2 + and 2 Π 1/2 curves because there will be mixing between these. The effect on the spectroscopic parameters will be R dependent, because it depends upon the energy separation at each point [35] , but a general conclusion is that the 2 Π 1/2 state becomes slightly more weakly bound, while the 2 Σ 1/2 + state becomes slightly more strongly bound. The separation between the 2 Π 1/2 and 2 Π 3/2 states gives some insight into the nature of the SO coupling: for a pure Hund's case (a) we expect a splitting of ζ, while for pure Hund's case (c) we expect 3 / 2 ζ. This splitting is given in table 3, where we can see that these two lightest complexes have splittings that are commensurate with Hund's case (a). For C + -Ar, again the spectroscopic parameters from the 2 Π term and the 2 Π 3/2 level are very similar, but now we see that the value of the 2 Π 1/2 -2 Π 3/2 splitting is 1.47ζ. Although this is very close to that expected for pure Hund's case (c) coupling, this is thought to be coincidental-see next paragraph.
It is interesting that, for C + -Kr and C + -Xe, there are more marked differences between the values of the spectroscopic parameters for the 2 Π term, and both the 2 Π 1/2 and 2 Π 3/2 levels. We have noted above that the 2 Π 1/2 -2 Π 3/2 splittings are significantly above even Hund's case (c) splitting for the heaviest two species and this suggests that other factors have come into play-this is again evidence for the mixing in of C-RG + character discussed above, where the 2 Π 3/2 state is no longer a pure Π state. also suggest that the 2 Π 1/2 -2 Π 3/2 splitting in C + -Ar being close to the Hund's case (c) value is coincidental. We note that this involvement of the RG orbitals has been observed in the excited states of M + -RG complexes ( [38] and references therein), and this has been considered by both Duncan and co-workers [39] and Breckenridge and co-workers [40] in their electronic spectroscopic study of Mg + -RG complexes.
(d) Trends in the spectroscopic constants
In figure 2 , we show trends in four spectroscopic quantities as the atomic number of the rare gas atom increases. We plot the values from the non-SO RCCSD(T)/aV∞Z calculations from the present work for RG = Ne-Xe, with the corresponding C + -He values being taken from [9] .
For R e , there is an initial decrease going from He to Ar for the 2 Π state, suggesting that the increasing polarizability is allowing the RG atom to get closer despite its increasing size; however, this reverses thereafter, suggesting the increasing size starts to dominate. For the 2 Σ + state, we have the reverse trend, suggesting a dominance of the electron repulsion, owing to the location of the unpaired electron on the carbon ion being along the internuclear axis. The subsequent fall in R e is likely to be related to small hybridization effects allowing the movement of electron density away from the incoming RG atom whose cost is offset by the stronger interaction with the more polarizable Kr and Xe atoms, as they move closer and so interact more strongly.
For D e , we see that these are monotonically increasing for both states, but significantly more steeply for the 2 Π state. This is consistent with the increasing polarizability of the RG atom, plus the reduced electron repulsion in the 2 Π state compared with the 2 Σ + one.
We can see that the trends in ω e and k are quite similar, so that the mass effect in ω e does not alter the overall trend dramatically. Additionally, the trend in k is also monotonically increasing, and so is consistent with the D e trend. In figure 3 , we show contour plots of the Hartree-Fock electron density for the highest occupied molecular orbital (HOMO) for the X 2 Π state of each C + -RG species (RG = He-Xe), each calculated at the RCCSD(T)/aV∞Z (no SO) R e value. For C + -He, there is very little sharing of electron density across the centres and we can say that the interactions are almost entirely physical. However, as we move towards the heavier rare gases, the HOMO has a small but significant contribution from the off-axis, outermost occupied p orbitals on the RG centre, suggesting a small amount of chemical interaction.
Another way of examining this is via charge/population analysis, and the results for this are presented in table 5; these are performed on the QCISD/aug-cc-pVQZ electron density. Here, we have presented Mulliken, NPA and AIM charges. In line with expectations from some of our previous work [41] , we find that the Mulliken charges are unphysical in that they suggest close to a complete electron transfer for C + -Xe, with very significant transfers also occurring for C + -Ar and C + -Kr; this is in contrast to the spin densities, which show an unpaired electron to be located on the carbon centre. The NPA and AIM charges are more reasonable for C + -Xe, but surprisingly similar to the Mulliken charges for the other C + -RG species. Our conclusion is that although these methods are consistent with some charge transfer occurring between the carbon cation and the rare gas atom, the amount seems unphysical: certainly, it is not consistent with the MRCI analysis, nor with the calculated 2 Π 1/2 -2 Π 3/2 SO gaps (these would be very much higher if such a significant charge transfer had occurred; table 3). We tested the stability of these results by using small 6-31G* basis sets for C + -Ar, but obtained charges that were within 0.02e for the Mulliken and NPA approaches, and within 0.05e for AIM, when compared with the results in table 5. Another measure of the extent of chemical bonding is the H(R) parameter [42] , which is indicative of chemical bonding if it is negative. Table 5 shows that the values are all very small, but that those for C + -Ar, C + -Kr and C + -Xe are consistent with a small amount of chemical bonding.
Finally, we examine Birge-Sponer plots from the calculated vibrational energy spacings, and present these in figure 4 . As may be seen, the 2 Π plots do not all simply consist of a linear portion together with a long-range 'tail', as would be expected for a molecular complex, and as is seen for the 2 Σ + ones. On the 2 Π plots, we have used our derived values of ω e and ω e x e (table 1) to plot an 'ideal' Birge-Sponer line, recalling that the values in table 1 are obtained from the lowest two vibrational energy levels, as well as the D e value. As may be seen, this line is close to fitting all but one of the C + -He points, and does a good job of fitting the first eight or so points for C + -Ne, before the long-range tail takes over. However, for the heavier three species (RG = Ar-Xe), this line only fits a portion of the lowest v values. Closer examination of these curves reveals that there is actually a second linear section of data just before the long-range tail (indicated with filled-in circles on the plots) before the slope gradually evolves into the shallower slope that occurs close to v = 0; if this were analysed (which is difficult to do as the extent of the linear region is difficult to define unambiguously), it would lead to a higher ω e value than that obtained from the lowest v values, i.e. close to the minimum. This suggests that the potential is 'softer' close to R e than it is just before the long-range tail region at high v values. A clue to the interpretation of this observation comes from the contour plots in figure 3 . These show that the off-axis orbitals on the carbon and RG centres are distorted away from each other. We hypothesize that the softening of the potential as R e is approached occurs from increased short-range repulsion, which softens the form of the overall (repulsion+attraction) potential in the 2 Π state. The fact that the Birge-Sponer plots change their character as a function of v could be taken as further evidence for 'chemical' contributions (via distortion of electron density) to the interaction potential for the 2 Π state.
The Birge-Sponer plots for the 2 Π state are in contrast to those of the 2 Σ + state, which are also shown in figure 4 . Although there are generally fewer levels, there are still enough to demonstrate that the behaviour here is 'normal' with a linear region at low v and a long-range tail to high v, with only a slight deviation for C + -Xe. This is in line with there being no off-axis electron density on the carbon centre to cause the additional repulsion close to R e , as discussed above for the 2 Π state.
(f) Transport coefficients
We shall now discuss the calculation of ion transport coefficients using the RCCSD(T) potentials. In all cases, we shall only discuss the results for 12 C + here, although results for 13 C + have also been calculated and are reported in the LXCat database (https://fr.lxcat.net/home/). In all cases, for each RG we assumed a mixture of isotopes was present with their naturally occurring abundances. As experimental results are only available for C + in Ar, we discuss this system first, and then briefly discuss the results for C + in Ne, Kr and Xe afterwards. (As noted above, a detailed discussion of the mobility of C + in He compared with available experimental data was presented in [9] .) (i) C + ( 2 P) with argon Ion mobilities, diffusion coefficients and other transport properties have been calculated from both the non-SO and the SO potentials arising from the lowest doublet states of C + interacting with argon. These are computed over a wide range of E/n 0 and at a variety of temperatures, including those at which experimental data [18] have been taken. Although ground, statistical and excited state weightings were used for the field-dependent and zero-field calculations, we only present the values for selected states or mixtures thereof, with the full dataset being available in the LXCat database (https://fr.lxcat.net/home/).
Cross-sections were calculated from each potential curve, and then various weightings of these were employed in generating the transport data to compare with experiment, because the actual ionic state populations are not definitively known owing to the ion production method; uncertainty regarding thermalization; injection effects; and the effect of the collisions during the ion drift region. The weightings chosen were those of the ground state (100% 2 Π or 100% 2 Π 1/2 cross-sections), the excited state (100% 2 Σ + or a 1 : 1 weighting of the 2 Π 3/2 and 2 Σ 1/2 + crosssections) and a statistical mixture (2 : 1 weighting of 2 Π and 2 Σ + or a 1 : 1 : 1 weighting of 2 Π 1/2 , 2 Π 3/2 and 2 Σ 1/2 + cross-sections). A portion of the results are presented in figure 5 together with the experimental data. The conclusions from the calculations are that the experiment must have generated the 2 P 1/2 ground SO level. In previous work [9, 33, 43] , we have concluded that the experiment conditions can affect the mix of SO states owing to incomplete thermalization; in such cases, the ions were generally produced in a very energetic source, such as electron bombardment. In the present case, the results in figure 5 are fairly conclusive that only the 2 P 1/2 state is populated to any great extent in the experiment. The possibility of different states being present was not considered in [18] ; we hypothesize that the presence only of the lower SO level arises from the ion production method in that work, namely charge transfer via collision of Ar with CF 3 + and at reasonable pressures that allow collisional deactivation of any excited states. Often, the temperatures employed for ion mobility measurements can be critical in obtaining reliable values. In [18] , the temperature was maintained only within a 17 K range (293-310 K), and so we calculated mobilities at the upper and lower limits. As it happens, within the uncertainties in the experimental measurements, it was not possible to differentiate between these results.
(ii) C + in RG (RG = Ne, Kr, Xe)
No experimental data exist for C + in the other three RG, but for completeness we have calculated transport data for them at a range of temperatures and archived the results in the LXCat database (https://fr.lxcat.net/home/). Here, we simply show a summary of the mobilities for C + in each of the four RG (Ne-Xe) in figure 5 . In all plots, the values for solely 2 P 1/2 and solely 2 P 3/2 states are given, as well as a statistical mix of the two-the key in (a) applies to all plots. In addition, for RG = Ar we have included the experimental mobilities reported in [18] , where T varied between 293 and 310 K, together with error bars consistent with that work. For RG = Ar, Kr and Xe (b-d), we indicate the region for which convergence problems were obtained by a dotted line; the data within these ranges are less reliable than the rest-see text. (Online version in colour.) (iii) Zero-field mobilities
In figure 6 , we have plotted the zero-field mobilities as a function of T for the 2 P 1/2 state. These are the mobilities obtained when E/n 0 → 0 and as such are directly proportional to the zerofield ion diffusion coefficients, D, according to the Nernst-Townsend-Einstein relation [44] ; as a consequence the D values for any system can be obtained from the zero-field mobility values (and vice versa)-however, the values are all available in the LXCat database (https://fr.lxcat. net/home/).
As may be seen from figure 6, the variation of K 0 with T is slow at low values, but the gas temperature must be extremely small before K 0 is equal to the polarization mobility that can be determined from the ion-neutral reduced mass and the electric dipole polarizaibility, α, of the neutral. If only moderate accuracy is required, then the zero-field mobility can be used in analysing experiments below and near room temperature, but it is important to establish that one is working in the zero-field region, which can be estimated from an expression given in [45] ; for more accurate results, the E/n 0 dependence must be included. These issues have been discussed in detail recently [46] .
In passing, we note that in [18] an incorrect value for the electric dipole polarizability of Ar was used. Correcting this gives a theoretical zero-field mobility of 3.558 cm 2 V −1 s −1 , which is outside the range of 3.40 ± 0.08 cm 2 V −1 s −1 reported in [18] , and more in line with discrepancies they saw for other measurements. As a consequence, the surprise they noted at the good agreement in the case of C + in Ar was unwarranted. 
Concluding remarks
In the present work, we have calculated very accurate potential energy curves for the interaction of C + with RG (RG = Ne-Xe), which complements our earlier work on C + interacting with He [9] . For the first time, we have investigated the effect of SO coupling, which has revealed a small amount of charge transfer in the C + -RG complexes. We have used these potentials to calculate reliable values for a range of spectroscopic constants and examined the effects of SO coupling on these. Consideration of wavefunction contour plots and BirgeSponer plots led to the conclusion that there was a small amount of chemical interaction in these species for RG = Ar-Xe, which is consistent with the implications of the SO splittings. Although these conclusions were consistent with the values of H(R) and the spin density, we found that Mulliken, NPA and AIM charges suggested anomalously high amounts of charge transfer.
We have also calculated transport coefficients and compared the calculated ion mobilities with experiment in the case of C + in Ar-the only case for which experimental data were available. The results indicated that predominantly the ground 2 P 1/2 state was present in the experiments. We have calculated a range of other properties, including zero-field mobilities and diffusion coefficients, and these should prove useful in ion-molecule kinetics experiments. 
